Brain-derived neurotrophic factor (BDNF) plays important roles in cell survival, neural plasticity, learning, and stress regulation. However, whether the recently found human BDNF Val66Met (BDNF Met ) polymorphism could alter stress vulnerability remains controversial. More importantly, the molecular and structural mechanisms underlying the interaction between the BDNF Met polymorphism and stress are unclear. We found that heterozygous BDNF ϩ/Met mice displayed hypothalamic-pituitary-adrenal axis hyperreactivity, increased depressive-like and anxiety-like behaviors, and impaired working memory compared with WT mice after 7 d restraint stress. Moreover, BDNF ϩ/Met mice exhibited more prominent changes in BDNF levels and apical dendritic spine density in the prefrontal cortex and amygdala after stress, which correlated with the impaired working memory and elevated anxiety-like behaviors. Finally, the depressive-like behaviors in BDNF ϩ/Met mice could be selectively rescued by acute administration of desipramine but not fluoxetine. These data indicate selective behavioral, molecular, and structural deficits resulting from the interaction between stress and the human genetic BDNF Met polymorphism. Importantly, desipramine but not fluoxetine has antidepressant effects on BDNF ϩ/Met mice, suggesting that specific classes of antidepressant may be a more effective treatment option for depressive symptoms in humans with this genetic variant BDNF.
Introduction
Stress is a well known risk factor for the development of psychiatric diseases, such as depression and anxiety disorders (Roozendaal et al., 2009; McEwen and Gianaros, 2011) , but stress responses vary greatly among individuals. It has been well established that both genetic and environmental factors, such as age, gender, and nutrition, influence the endocrine stress responses (Pittenger and Duman, 2008; Feder et al., 2009; Gillespie et al., 2009; Lupien et al., 2009) . Identification of susceptibility genes that interact with stress that influences the onset or severity of psychiatric diseases will help to inform the underlying mechanisms of stress regulation and treatment of these disorders. The growth factor, brain-derived neurotrophic factor (BDNF), has been postulated to be a key mediator of stress-induced neural atrophy, cell loss, and inhibition of neurogenesis in the hippocampus (HPC) and prefrontal cortex (PFC) (Duman and Monteggia, 2006; Magariños et al., 2011) . Furthermore, BDNF expression in the HPC and PFC has been shown to be decreased by stress exposure (Calabrese et al., 2009; Taliaz et al., 2011) , and BDNF administration (peripheral or central) attenuates the behavioral effects of chronic unpredictable mild stress (Schmidt and Duman, 2010; Ye et al., 2011) . These findings suggest that BDNF may play an important role in the stress regulation and stress-induced behaviors. When BDNF heterozygous knock-out mice (BDNF ϩ/Ϫ ) were exposed to chronic isolation stress, a significant depressive-like behavioral phenotype was revealed (Duman et al., 2007) . Another study has shown that the mild stress of handling and repeated injections of saline increased the duration of immobility of male BDNF ϩ/Ϫ but not WT mice in the forced swim test (FST), demonstrating a synergistic interaction between stress and BDNF deficit (Advani et al., 2009) .
Recently, a common single-nucleotide polymorphism (SNP) in the human BDNF gene, which leads to a valine-to-methionine change at position 66 (Val66Met) in the prodomain of BDNF, was found to decrease activity-dependent BDNF secretion (Egan et al., 2003; Chen et al., 2004) and to be associated with increased susceptibility to neuropsychiatric disorders including depression, and anxiety-related disorders (Sen et al., 2003; Verhagen et al., 2010) . Human studies attempting to investigate the stress response in BDNF Met allele carriers have resulted in mixed results. In one study, an interaction between early life stress and the BDNF Met polymorphism was found to predict elevated neuroticism and higher anxiety (Gatt et al., 2009 ). However, another study showed that subjects with the BDNF Val genotype showed higher harm avoidance with recent negative stressors (Kim et al., 2010) . Because of the complicated genetic background and reliance on self-report questionnaires to evaluate emotional status, human studies have had difficulty in clarifying the interaction between stress and the BDNF Met polymorphism, as well as the molecular and structural mechanisms underlying this interaction.
A variant BDNF Met knock-in mouse, which reproduces the phenotypic hallmarks of humans with this BDNF SNP, was recently generated (Chen et al., 2006) . In the present study, we used the BDNF Met knock-in mice to investigate the role of the BDNF Met polymorphism in vulnerability to stress exposure. The neuroendocrine and behavioral responses of heterozygous BDNF ϩ/Met mice to restraint stress, its potential mechanism, and pharmacological intervention are investigated.
Materials and Methods

Animals. Adult male BDNF
ϩ/Met mice and littermate WT mice (3-4 months old) derived from WT ϫ BDNF ϩ/Met crossed parents. All animals were kept on a 12 h light/dark cycle at 18°Cϳ22°C with food and water available ad libitum unless noted otherwise. All procedures were in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the institutional animal care and use committee of Shandong University.
Restraint stress procedure. Male BDNF ϩ/Met and littermate WT mice were divided randomly into stress groups and home cage controls. Restraint stress was performed on the stress groups during the morning (8:00 A.M.-10:00 A.M.). For restraint stress, mice were restrained daily 2 h in well ventilated polypropylene restrainers without access to food and water for consecutive 7 d. At the end of the stress session, mice were returned to the home cage. Home cage controls were handled for 2 min and then returned to the home cage.
Hormone assays. To determine the activity of hypothalamic-pituitaryadrenal (HPA) axis at various times during the circadian cycle, home cage mice were decapitated without prior disturbance at 7:00 A.M., 1:00 P.M., and 7:00 P.M. Stress mice were decapitated immediately after stress (10:00 A.M.) on day 7. Home cage mice were also rapidly removed from their cages and decapitated at 10:00 A.M. on day 7. Trunk blood (0.5 ml) from each mouse was collected in iced tubes containing 5 l of 0.5 M EDTA, and plasma was separated by centrifugation and stored at Ϫ80°C until assay. Corticosterone levels were measured using the corticosterone ELISA kit (Assay Designs) as per the manufacturer's instructions. Adrenocorticotropin hormone (ACTH) levels were determined by radioimmunoassay using ACTH RIA Kit (IDS) following the protocol provided by the company. Hypothalamic corticotropin-releasing hormone (CRH) levels were determined by quantitative real-time reverse transcriptase (RT)-PCR.
Behavioral procedures. Behavioral testing was performed during the light phase of the cycle between 9:00 A.M. and 4:00 P.M. All behavioral testing began at day 8 and mice were allowed 2 h to habituate to the testing rooms before test. Different batches of mice were used for different behavioral tests. For correlation analyses, mice were killed after the behavioral tests, and brains were removed with one hemisphere for quantitative RT-PCR and another hemisphere for Golgi staining.
Sucrose preference test. Sucrose preference was measured by slightly modified procedure described previously (Duncko et al., 2001 ). Mice were habituated to sucrose over a 3 d period by replacing water bottles with bottles containing sucrose solution (1%). The test consisted of 23 h water deprivation after which animals were given free access to two bottles, one containing tap water and the other containing 1% sucrose solution. After 1 h, the weights of bottles were measured and fluid consumption was calculated. Sucrose preference was determined as follows: Sucrose preference (%) ϭ sucrose intake/(sucrose intake ϩ water intake) ϫ 100. Sucrose preference was assessed for 2 d. The position of the sucrose and water bottles was alternated daily to avoid spurious effects from a side-bias.
Forced swim test. To assess depressive-like behavior, mice were placed into a glass cylinder (25 cm height, 10 cm diameter), which was filled with water (22°C) up to a height of 18 cm, as described earlier (Zörner et al., 2003) . A testing period of 6 min was used to determine the percentage of time spent immobile (Porsolt et al., 1977) . Immobility was defined as being stationary with only enough motion of the tail or forepaws to keep the head above water. The forepaws usually remained at the animals' sides. Swimming was defined as active use of the forepaws with forward movement, in the center or along the sides of the cylinder, which did not involve lifting the paws above the surface of the water. The body was usually oriented parallel to the sides of the cylinder. Climbing was defined as active pawing of the side of the cylinder, lifting the paws above the surface of the water. The body was oriented with the head toward the wall and the body oriented perpendicularly to the side of the cylinder.
Open field test. Spontaneous exploratory activity and anxiety-like behavior were assessed in the open field test. The open field test consisted of 40 cm ϫ 40 cm area divided into central (20 cm ϫ 20 cm) and peripheral areas with 35 cm high walls. For the test, mice were placed in the center of the field and behavior was recorded for 10 min. A videotracking system (Smart) was used to score the distance traveled and total time spent in the central and peripheral areas. The total distance moved in the arena of 10 min was recorded as a measure of locomotor activity. Time spent in a central of the open field used as a measure of anxiety-like behavior.
Elevated plus maze. The elevated plus maze was conducted as described previously (Holmes et al., 2003) and has been accordingly modified for use in our laboratory. Briefly, the apparatus was constructed of black stainless steel and consisted of four arms (30 cm length ϫ 5 cm width): two closed arms with high, black walls (30 cm high) and two open arms with a small raised lip (0.5 cm). All four arms were connected by a center platform (5 cm ϫ 5 cm). The maze was elevated to a height of 50 cm above the ground. Each mouse was placed on the center platform facing an open arm to initiate the test session of 5 min. A videotracking system (Smart) was used to score the time spent in open arms and the number of entries into the open and closed arms (an arm entry was defined as all 4 paws in an arm).
Novelty-induced hypophagia test (NIH).
The NIH was conducted as described previously (Dulawa and Hen, 2005) . Mice were singly housed, and trained to drink a diluted solution of sweetened condensed milk (3:1, tap water to milk). Training consists of presenting the milk in a 10 ml serological pipette through the lid of the cage to each mouse for 30 min per day for 3 d. On the fourth day, the mice are tested in their home cage for latency to drink the milk consumed over a 30 min period. On the fifth day, mice are retested in a novel cage, which has no bedding and is more brightly lit. Anxiety-like behavior was measured by the latency to drink in the home cage and novel cage.
Morris water maze. Spatial learning, one of the best characterized hippocampal functions, was assessed using the Morris water maze test. The apparatus consisted of a circular water tank (120 cm diameter, 40 cm height) filled with water (22°C) to a depth of 25 cm, and the water was made opaque by the addition of nontoxic white powder paint. A circular escape platform (6 cm in diameter) was placed 1 cm below the water surface. A full experiment consisted of a learning period (platform in place) with four trials per day for 5 consecutive days and a probe test (platform moved) on the sixth day. In the learning period, the platform was always located in the center of the same quadrant (target quadrant) for all animals. Each trial consisted of a maximum of 60 s starting from one of the four quadrants with the animal facing the wall. If an animal did not reach the platform after 60 s, it was guided to the platform. After reaching the platform, animals were allowed to remain there for 30 s, and then mice were quickly dried with a towel and put under a heating lamp set at exactly 37°C between each trial to avoid hypothermia. In the learning period, the escape latencies for a single day were averaged to produce a daily mean. At day 6, the platform was removed, and mice were allowed to swim for 60 s. The time spent in the target quadrant for each mouse was recorded with a videotracking system (Smart).
T-maze test. The T-maze task used to test working memory is based on spontaneous alternation behavior, which does not require the use of food reinforcement to emerge. The tests were performed in a T-maze constructed of black stainless steel walls. Stem and arms were 35 cm long, 6 cm wide and 50 cm high. The start box (6 cm ϫ 10 cm) was separated from the stem by a vertical sliding door. Vertical sliding doors were also placed at the entrance of each arm. An alternation response was considered each time the subject entered the arm opposite to the one visited on the immediately previous trial. Alternation rate was expressed in percentage relative to the maximal alternation rate of 100% (obtained when the subject never returned into the same arm over two consecutive trials). For all the animals, the following procedure was used: on day 1, all mice were allowed to freely explore the apparatus 10 min in the morning and 10 min in the afternoon, in order for them to become familiar with the experimental conditions. Between both sessions, animals were replaced in their individual cage in the animal room. From day 2 to day 4, the mice had to complete two daily training sessions of spontaneous alternation, to foster the development of the alternation behavioral pattern and to familiarize them with the opening and/or closing of the doors over successive runs. Each training session included 6 trials, separated by a 30 s intertrial delay. On day 5 (the day of the test), all the mice were exposed to 6 successive trials (intertrial delay: 30 s).
Quantitative RT-PCR. Mice from stress groups were killed immediately after stress (10:00 A.M.) on day 7. Home cage controls were also killed at 10:00 A.M. on day 7. Brains were removed after decapitation and then coronal sections (1 mm thick) were obtained using a mouse brain slicer (Braintree Scientific). Seven different brain regions from each mouse [HPC, PFC, amygdala, striatum, hypothalamus, dorsal raphe nucleus (DRN), and locus ceruleus (LC)] were punched out using a blunt-end 17 gauge syringe needle (1 mm inner diameter) and frozen in liquid nitrogen followed by RNA extraction. Total RNA was isolated using TRNzol-A ϩ RNA isolation reagent (Tiangen) according to the manufacturer's protocol. Purified total RNA (500 ng) was reverse-transcribed to cDNA (Fermentas). Quantitative real time RT-PCR was performed in a Cycler (Roche) using SYBR-Green (TaKaRa). Primer sequences used were as follows: BDNF forward primer, 5Ј-TAA ATG AAG TTT ATA CAG TAC AGT GGT TCT ACA-3Ј, and reverse primer: 5Ј-AGT TGT GCG CAA ATG ACT GTT T-3Ј; CRH forward primer, 5Ј-ATC TCA CCT TCC ACC TTC TGC G-3Ј, and reverse primer: 5Ј-CCC GAT AAT CTC CAT CAG TTT CC-3Ј; serotonin transporter (5-HTT) forward primer, 5Ј-AAG CCC CAC CTT GAC TCC TCC-3Ј, and reverse primer, 5Ј-CTC CTT CCT CTC CTC ACA TAT CC-3Ј; norepinephrine transporter (NET) forward primer, 5Ј-ATG CCA GAA AGC CTT GAT GT C-3Ј, and reverse primer, 5Ј-CGT GAC ACG GAG AAG ATG TG-3Ј; ␤-actin forward primer, 5Ј-CAA CTT GAT GTA TGA AGG CTT TGG T-3Ј, and reverse primer, 5Ј-ACT TTT ATT GGT CTC AAG TCA GTG TAC AG-3Ј. Each sample was assayed in duplicate and the mRNA levels were normalized for each well to the ␤-actin mRNA levels using the 2 Ϫ⌬⌬CT method. BDNF ELISA. The HPC, PFC, amygdala, and striatum were dissected and stored in microcentrifuge tubes at Ϫ80°C until analysis. Brain tissue samples were homogenized in ice-cold lysis buffer containing (in mM): 137 NaCl, 20 Tris-HCl, pH 8.0, 1% NP-40, 10% glycerol, 1 phenylmethylsulfonyl fluoride, 10 mg/ml aprotinin, 1 mg/ml leupeptin, and 0.5 sodium vanadate. The tissue homogenate solutions were centrifuged at 14,000 ϫ g for 5 min at 4°C. The supernatants were collected and used for quantification of total protein and BDNF levels. BDNF levels were assessed in each region using a commercially available assay kit from Promega. In brief, flat-bottom plates were coated with the BDNF capture antibody. The captured BDNF was bound by a second specific antibody, which was detected using a species-specific antibody conjugated to horseradish peroxidase as a tertiary reactant. All unbound conjugates were removed by subsequent wash steps according to the Promega protocol. After incubation with chromagenic substrate, color change was measured in an ELISA plate reader at 450 nm.
Rapid Golgi impregnation. Golgi impregnation of all brains was conducted using FD Rapid GolgiStain Kit (FD NeuroTechnologies). GolgiCox (G-C) solution (mixture of A and B solutions from kit) was mixed a minimum of 12 h before use and stored in a dark place at room temperature. Brains were immersed in G-C solution for 14 d at room temperature (the G-C mixture was changed after the initial 12 h of impregnation). Following 14 d of incubation, brains were transferred to solution C (10 ml/brain), and incubated for 3 d at 4°C, again with the solutions having been changed after the initial 12 h. Brains were then embedded in a 3% agarose solution, blocked, and cut at room temperature (150 m sections) on a vibratome (VT1200S, Leica). Serial sections were immediately mounted onto 0.3% gelatin-coated slides. Once on the slides, before complete drying of tissue, sections were brushed with solution C, and allowed to air dry for 48 h. Slides were then immersed in distilled water three times for 5 min each and then transferred into a solution of D & E (Golgi kit) (25 ml of D, 25 ml of E, and 150 ml of distilled water) for 5-10 min at 4°C, and again rinsed three times for 5 min each in doubledistilled water. Slides were then dehydrated with ethanol, cleared with Histoclear (three times for 5 min each), and coverslipped with DPX mounting medium. Estimation of spine density. The analysis was performed on coded Golgi impregnated brain sections containing the PFC or basolateral amygdale (BLA) of seven mice per experimental group and the measurement of spine density was performed as previously described (Magariños et al., 2011) . The number of visible spines was counted on the basis of their shapes and spines were classified in the following categories: (1) stubby, very short spines without a distinguishable neck and head; (2) thin, spines with a long neck and a clearly visible small head; and (3) mushroom, big spines with a well defined neck and a very voluminous head. Other spine shapes considered immature or transitional forms were excluded from the analyses because they were rarely observed or, when detected, difficult to be precisely identified at the light microscopic level. Cells chosen for analyses had to be well impregnated, clearly distinguishable from adjacent cells and have continuous unbroken dendrites. Five pyramidal neurons within layer II/III of medial PFC (mPFC) and five pyramidal neurons of BLA were analyzed per experimental mice. Spines were counted under oil (60ϫ), using light microscopy (Nikon 80i), and the entire visible dendritic length was measured by Imaging computer program (NISElements BR, Nikon). Spine density was calculated referring to the length of the dendrite.
Drug treatment. The experimental groups were randomly assigned to treatment with saline (2 ml/kg), fluoxetine (10 mg/kg, Sigma-Aldrich) or desipramine (10 mg/kg, Sigma-Aldrich). Drugs were dissolved in saline solution and injected intraperitoneally in a volume of 2 ml/kg were given 30 min before the FST.
Statistical analysis. Data were analyzed with Student's t test, one-way or two-way ANOVA, followed by post hoc comparisons, where appropriate. Student's t test or one-way ANOVA was used for single factor experiments involving two or more than two groups. For experiments comprised of multiple factors a two-way ANOVA, with test for interaction, was used. Pearson correlations were calculated to assess correlations between data. A significance level was set to 0.05 for all statistical analyses, and all values in the text and figures represent means Ϯ SEM. Data analyses were performed using SPSS statistical program version 10.0.
Results
BDNF
؉/Met mice were associated with increased HPA axis response to stress Dysregulation of the HPA axis is associated with stress vulnerability (de Kloet et al., 2005) . Plasma corticosterone and ACTH concentrations are well known to show circadian variation (Sheward et al., 2007) . We first measured the circadian fluctuations of plasma corticosterone and ACTH concentrations in the home cage of BDNF ϩ/Met and WT mice during the day. Although there were clear differences between basal levels (7:00 A.M.) and peak levels (7:00 P.M.) of plasma corticosterone in BDNF ϩ/Met and WT mice, two-way ANOVA for the effects of time and genotype indicated an effect of time (F (2,35) ϭ 88.93, p Ͻ 0.01), but not genotype (F (1,35) ϭ 0.24, p ϭ 0.63), nor any genotype ϫ time interaction (F (2,35) ϭ 0.11, p ϭ 0.90) (Fig. 1 A) . Similarly, plasma levels of ACTH did not differ between BDNF ϩ/ Met and WT mice (time F (2,35) ϭ 13.67, p Ͻ 0.01; genotype F (1, 35) ϭ 0.81, p ϭ 0.38; interaction F (2,35) ϭ 0.16, p ϭ 0.85) (Fig. 1 B) . Next we measured plasma corticosterone, ACTH levels and hypothalamic CRH mRNA expression immediately after restraint stress to assess the effect of stress on HPA axis reactivity in BDNF ϩ/Met and littermate WT mice. There were significant ge- notype ϫ stress interaction effects in plasma corticosterone, ACTH concentrations and hypothalamic CRH mRNA levels (corticosterone: interaction F (1,35) ϭ 6.12, p Ͻ 0.05; ACTH: interaction, F (1,35) ϭ 10.51, p Ͻ 0.01; CRH: interaction, F (1,35) ϭ 4.60, p Ͻ 0.05) (Fig. 1C-E) . Post hoc analysis indicated that stress significantly increased plasma corticosterone, ACTH, and hypothalamic CRH mRNA levels compared with home cage controls. Notably, BDNF ϩ/Met mice displayed a more robust elevation of these three hormones in response to stress compared with WT mice, though genotype did not affect the circadian rhythms of these hormones under basal conditions. These data indicated that BDNF ϩ/Met mice had increased HPA axis response to stress.
؉/Met mice displayed depressivelike and anxiety-like behaviors after stress Having observed a difference in HPA axis reactivity to stress between BDNF ϩ/Met and WT mice, we next examined the behavioral responses of these animals to stress. Sucrose preference test is a paradigm used to measure an animal's anhedonic-like deficits, which is an important feature of major depression. There was a significant genotype ϫ stress interaction effect (F (1,35) ϭ 5.01, p Ͻ 0.05). Moreover, BDNF ϩ/Met mice subjected to the stress paradigm had a significant decrease in percentage sucrose intake compared with stress WT and home cage BDNF ϩ/ Met mice (Fig. 2 A) . We also performed the FST, which uses increased immobility time as an index of depressive-like behavior in rodents (Porsolt et al., 1977) . In the FST, we observed a significant genotype ϫ stress interaction effect on the immobility time (F (1,39) ϭ 7.69, p Ͻ 0.01). Post hoc analysis indicated that genotype did not affect the immobility time in home cage controls. However, following stress, BDNF ϩ/Met but not WT mice, displayed significantly increased immobility time in the FST (Fig.  2 B) . These findings suggest that BDNF ϩ/Met mice displayed increased depressive-like behaviors following restraint stress.
To examine whether BDNF ϩ/Met mice displayed altered anxiety-like behaviors in response to restraint stress, we performed three standard anxiety-like behavioral paradigms (open field, elevated plus maze, NIH). In the open field test, the total distance traveled by the mouse is a measure of locomotor activity, and we found no effects of genotype, stress, and interaction (genotype, F (1,34) ϭ 0.05, p ϭ 0.83; stress, F (1,34) ϭ 0.09, p ϭ 0.77; interaction, F (1,34) ϭ 0.12, p ϭ 0.74) on locomotor activity (Fig. 3A) . In comparison with stress WT and home cage BDNF ϩ/Met mice, stress BDNF ϩ/Met mice spent significantly less time in the center compartment and revealed a significant genotype ϫ stress interaction effect (F (1,34) ϭ 13.58, p Ͻ 0.01) (Fig. 3B) . Stress BDNF ϩ/Met mice also exhibited, in the elevated plus maze test, a significant decrease in the percentage of time spent in the open arms (Fig. 3C ) and a significant reduction in the percentage of entries into the open arms (Fig. 3D ) compared with stress WT and home cage BDNF ϩ/Met mice. In the NIH test, an increase in the latency to drink suggests an increase in anxiety. Post hoc analysis revealed that stress significantly increased the latency to drink in the BDNF ϩ/Met mice, but not in the WT mice (Fig. 3E,F) . All of these tests suggest that BDNF ϩ/Met mice develop increased anxiety-like behaviors following restraint stress.
؉/Met mice exhibited impaired spatial memory and working memory after stress As stress has been shown to impede learning and memory (Joëls et al., 2006; Roozendaal et al., 2009; Schwabe et al., 2010) , we evaluated the effect of stress on spatial and working memory using Morris water maze and T-maze tests in BDNF ϩ/Met and WT mice. Examining 5 d of escape latency in the water maze learning session revealed a significant stress effect, but no significant genotype effect and interaction effect (fifth day: stress, F (1,31) ϭ 20.26, p Ͻ 0.01; genotype, F (1,31) ϭ 2.34, p ϭ 0.14; interaction, F (1,31) ϭ 1.13, p ϭ 0.30) (Fig. 4 A) . Post hoc analysis indicated that stress BDNF ϩ/Met and stress WT mice exhibited significantly increased escape latency during learning compared with home cage mice, suggestive of a poorer acquisition of spatial memory. During the probe test, both stress groups spent less time in the target quadrant compared with home cage controls, revealed a significant stress effect, while there was no significant genotype effect or interaction effect (stress, F (1,31) ϭ 17.23, p Ͻ 0.01; genotype, F (1,31) ϭ 0.37, p ϭ 0.55; interaction, F (1,31) ϭ 0.89, p ϭ 0.35) (Fig. 4 B) . These results suggested that restraint stress could impair the acquisition of spatial memory in BDNF ϩ/Met and WT mice.
We further conducted a T-maze version of spontaneous alternation, which is a non-rewarded exploration task and has been used as a test of working memory (Paylor et al., 2001) . Twoway ANOVA demonstrated a significant genotype ϫ stress interaction effect (F (1,38) ϭ 6.84, p Ͻ 0.05) (Fig. 4C) . Post hoc analysis showed the alternation performance of the stress BDNF ϩ/Met mice was poorer than that of stress WT and home cage BDNF ϩ/Met mice. These findings suggested that BDNF ϩ/ Met mice were more susceptible to stress-induced working memory impairments.
Changes of BDNF levels after stress in BDNF ؉/Met and WT mice We next examined the molecular mechanisms underlying stress vulnerability in BDNF ϩ/Met mice. Previous reports indicated that stress could alter BDNF expression in distinct brain regions (Smith et al., 1995; Berton et al., 2006; Fumagalli et al., 2009 ). Quantitative RT-PCR was used to detect BDNF mRNA levels change after stress in distinct brain regions including HPC, PFC, amygdala and striatum in BDNF ϩ/Met and WT mice. In the HPC, both stress groups showed decreased BDNF mRNA levels compared with home cage controls; however, there was no significant genotype or interaction effect (stress, F (1,34) ϭ 113.91, p Ͻ 0.01; genotype, F (1,34) ϭ 0.37, p ϭ 0.55; interaction, F (1,34) ϭ 0.03, p ϭ 0.86) (Fig. 5A) . In the PFC, there were significant effects of stress, genotype, and interaction (stress, F (1, 34) (Fig. 5B) . Moreover, stress BDNF ϩ/Met mice showed significantly decreased BDNF mRNA levels in the PFC compared with stress WT mice. In the amygdala, in contrast to the PFC, we found significantly increased BDNF mRNA levels in stress mice compared with home cage mice. Importantly, stress BDNF ϩ/Met mice showed higher levels of BDNF mRNA in the amygdala than stress WT mice (Fig.  5C ). In the striatum, there were no significant stress, genotype, or interaction effect (stress, F (1,34) ϭ 0.78, p ϭ 0.38; genotype, F (1,34) ϭ 0.14, p ϭ 0.71; interaction, F (1,34) ϭ 0.04, p ϭ 0.84) (Fig. 5D) .
Next, we analyzed the effects of restraint stress on BDNF protein levels in BDNF ϩ/Met and WT mice. Significant decreases in BDNF protein levels were found in the HPC and PFC of stress groups compared with home cage controls (HPC, F (1,46) ϭ 8.47, p Ͻ 0.01; PFC, F (1,46) ϭ 15.40, p Ͻ 0.01) (Fig. 5 E, F ) . Post hoc analysis showed that stress produced significantly decreased BDNF protein levels in the PFC in BDNF ϩ/Met mice compared with that in WT mice. In contrast, BDNF protein levels were significant increased in the amygdala after stress in both BDNF ϩ/Met and WT mice (Fig. 5G) . Moreover, stress BDNF ϩ/Met mice showed significantly increased BDNF protein levels in the amygdala compared with stress WT mice. In the striatum, similar to the BDNF mRNA levels, BDNF protein levels were unchanged in both stress groups and home cage controls (Fig. 5H) . These data suggested more robust changes of BDNF levels in the PFC and amygdala in BDNF ϩ/Met mice after restraint stress.
Altered spine density in the PFC and BLA pyramidal neurons after stress in BDNF ؉/Met and WT mice To further investigate the neuronal morphology change in BDNF ϩ/Met and WT mice in response to restraint stress, we examined the spine density in layer II/III of mPFC and BLA pyramidal neurons. Under basal conditions, there were no significant differences in spine density between the home cage BDNF ϩ/Met and WT mice. Restraint stress induced decreased spine density in the mPFC distal apical but not basal dendrites in both BDNF ϩ/Met and WT mice (Fig. 6A-C) . Moreover, stress BDNF ϩ/Met mice showed a more significant reduction of spine density in the mPFC distal apical dendrites compared with stress WT mice (Fig. 6A,B) . In contrast to the decreased spine density in the mPFC apical dendrites, stress induced a significantly increased spine density in the BLA apical dendrites in BDNF ϩ/Met mice compared with stress WT mice (Fig.  6D,E) . However, no difference in the BLA basal dendritic spine density was detected among groups (Fig. 6F) . Together, these observa- tions suggested that stress-induced spine remodeling was region specific and selective to apical dendrites and that BDNF ϩ/Met mice were more susceptible to this stressinduced spine remodeling. We further performed the correlation analyses between BDNF mRNA level or neuronal spine density and behavior performance in the same individual animals. We found positive correlation between BDNF mRNA level or apical spine density in the PFC and working memory performance. In contrast, BDNF mRNA level or apical spine density in the amygdala displayed negative correlation with the time spent in the center in open field test (data not shown). These data suggest that the stress-induced BDNF levels and spine density changes in the PFC and amygdala in BDNF ϩ/Met mice might explain its stress related working memory deficits and increased anxiety-like behaviors.
Desipramine but not fluoxetine could rescue the depressive-like behaviors in BDNF ؉/Met mice In an attempt to rescue the stress-induced depressive-like behaviors in BDNF ϩ/Met mice, pharmacological studies were performed with established antidepressants. Mice subjected to the stress paradigm were injected intraperitoneally with either the selective serotonin reuptake inhibitor (SSRI), fluoxetine (10 mg/kg, i.p.), or the selective norepinephrine reuptake inhibitor (NRI), desipramine (10 mg/kg, i.p.). FSTs were performed 30 min later to assess the response to antidepressants. Compared with vehicle treatment, stress WT mice treated with fluoxetine showed significantly reduced immobility duration and increased swimming behavior; however, stress BDNF ϩ/Met mice displayed a blunted response to fluoxetine treatment (Fig. 7A-C) . In contrast to fluoxetine, desipramine treatment could significantly decrease the immobility time in both stress WT and stress BDNF ϩ/Met mice (Immobility: genotype, F (1,35) ϭ 14.13, p Ͻ 0.01; treatment, F (1,35) ϭ 34.17, p Ͻ 0.01; interaction, F (1,35) ϭ 7.21, p Ͻ 0.05). To be noted, the main effect of desipramine treatment was to increase the climbing instead of swimming time, which is consistent with previous report (Cunningham et al., 2008; Drugan et al., 2010) . These data suggested that desipramine but not fluoxetine was able to rescue the stress-induced depressive-like behaviors in BDNF ϩ/Met mice. To further investigate the molecular mechanism underlying the differential response to antidepressants in BDNF ϩ/Met mice, we measured the mRNA levels of 5-HTT and NET in different brain regions by quantitative RT-PCR in home cage WT and BDNF ϩ/Met mice. There were significantly reduced 5-HTT mRNA levels in the DRN and increased NET mRNA levels in the LC in BDNF ϩ/Met mice compared with WT mice (p Ͻ 0.05, Fig. 8A,B) , which may explain, in part, the differential response of BDNF ϩ/Met mice to fluoxetine and desipramine treatment. We found that the mRNA levels of 5-HTT and NET in other brain regions (HPC, PFC, amygdala and striatum) were significantly less compared with those in DRN or LC. In addition, there were no significant differences on 5-HTT and NET mRNA levels in the HPC, PFC, amygdala, and striatum between BDNF ϩ/Met mice and WT mice (Fig. 8 A, B) , which suggested a region-specific regulation of the expression of these two transporters in the BDNF ϩ/Met mice.
Discussion
In the present study, we found an increased stress response associated with BDNF Met polymorphism using a knock-in mouse model for this SNP. Only following chronic restraint stress did heterozygous BDNF ϩ/Met mice show increased depressive-like and anxiety-like behaviors and impaired working memory compared with WT mice subjected to the stress paradigm. Moreover, compared with WT mice, stress induced more prominent BDNF levels and spine density changes in selective brain regions in BDNF ϩ/Met mice. Finally, we demonstrated that an NRI, desipramine, but not an SSRI, fluoxetine, could rescue the stressinduced depressive-like behaviors in BDNF ϩ/Met mice.
Our data provide several new insights into the stress responses associated with the human BDNF Met polymorphism. First, we found the BDNF Met polymorphism could modulate stressinduced endocrine and behavioral responses. The baseline plasma corticosterone and ACTH levels were similar in WT and BDNF ϩ/Met mice. By contrast, following chronic restraint stress, the increased corticosterone, ACTH and CRH levels were significantly higher in stress BDNF ϩ/Met mice compared with stress WT mice, indicating that the BDNF Met polymorphism increased HPA axis reactivity to stress. Children who were homozygous for the short 5-HTT linked polymorphic region (5-HTTLPR) and carrying the BDNF Met allele displayed a significant increase in cortisol level in response to the laboratory stressors compared with BDNF Val allele (Dougherty et al., 2010) . However, another healthy male adult study showed HPA axis reactivity to the psychosocial stressor was attenuated in carriers of the BDNF Met allele compared with subjects with the BDNF Val genotype (Alexander et al., 2010) . These human studies are difficult to interpret due to complex genetic backgrounds. In contrast, our mouse studies were performed under identical genetic backgrounds, and provide evidence that the BDNF Met allele was associated with increased HPA axis response to stress, which has been postulated to be an important factor contributing to depression and anxiety disorders. In addition, compared with WT mice, we found increased depressive-like and anxiety-like behaviors in the BDNF ϩ/Met mice after stress. Previous studies have shown that haploinsufficient BDNF ϩ/Ϫ mice displayed depressive-like behaviors following stress (Advani et al., 2009; Autry et al., 2009) , suggesting BDNF deficiency could induce a depressive-like behavior in stressful contexts. Clinical studies also suggest that BDNF Met carriers are sensitive to early stressful life events. Childhood depression scores were assessed by the interaction between BDNF Val66Met, 5-HTTLPR polymorphism and the childhood maltreatment, with higher depression scores found in children with the short/ short 5-HTTLPR-BDNF Val/Met genotype (Kaufman et al., 2006) . This finding has been replicated in an adult sample with highest depression scores in the long/short 5-HTTLPR-BDNF Met carrier genotype (Wichers et al., 2008) .
Second, this is the first study to demonstrate a working memory impairment following stress in BDNF ϩ/Met mice. The effects of the BDNF Met polymorphism on memory after stress were evaluated in the Morris water maze and T-maze tests. In the water maze test, we found that restraint stress impaired acquisition of hippocampal-dependent spatial memory in BDNF ϩ/Met and WT mice, however, with no genotype difference, suggesting that BDNF ϩ/Met and WT mice was almost equally vulnerable to alterations in spatial memory by stressful stimuli. Previous studies have shown that different stress paradigms could lead to spatial memory deficits in mice (Luksys and Sandi, 2011; Wang et al., 2011) . Our data suggested that the BDNF Met polymorphism might not play a significant role in stress-induced spatial memory deficit. Conversely, the effect of BDNF on working memory after stress has been rarely investigated. Spatial alternation in a T-maze demands updating of information, inhibition of a tendency to return to a previously location, and concentration during the delay period, which relies on PFC function (Taylor et al., 1999) . Our results showed that chronic stress led to working memory impairments only in BDNF ϩ/Met but not in WT mice, suggesting working memory and its relevant PFC function is more susceptible to stress in BDNF ϩ/Met mice. The potential mechanism underlying the stress-induced abnormal behaviors and working memory deficits in BDNF ϩ/Met mice was also investigated in our study. Previous studies have shown that various types of stress stimuli could decrease BDNF levels in the HPC (Smith et al., 1995; Taliaz et al., 2011) , which might in part account for the stress-associated depressive-like behaviors and spatial memory deficits. We investigated the role of BDNF in other brain regions in addition to HPC in stress related behavior and memory response. Following restraint stress, we found a significant reduction in BDNF mRNA and protein levels in the HPC and PFC of BDNF ϩ/Met and WT mice. Moreover, stress BDNF ϩ/Met mice showed decreased BDNF mRNA and protein levels in the PFC compared with stress WT mice. In contrast, stress-induced increased BDNF mRNA and protein levels in the amygdala with more robust effect on BDNF ϩ/Met mice. Since BDNF has been shown to regulate neuronal morphology (Magariños et al., 2011) , stress-induced alterations in dendritic spine density was investigated in BDNF ϩ/Met and WT mice. Dendritic spines are highly dynamic structures and undergo constant remodeling as a function of neuronal activity (Kasai et al., 2003; Yuste and Bonhoeffer, 2004) . Effect of BDNF haploinsufficiency on stress-induced remodeling of hippocampal neurons has been reported (Magariños et al., 2011) ; however, few studies have reported the effect of BDNF on stress-induced spinogenesis in PFC and amygdala except one study showing that chronic stress triggered amygdala spinogenesis was occluded by BDNF overexpression (Govindarajan et al., 2006) . After stress, we observed decreased spine density in PFC whereas increased spine density in amygdala in the distal apical dendrites, with more prominent effects in BDNF ϩ/Met mice compared with WT mice. Previous studies have shown that stress results in neuronal structural remodeling in both PFC and amygdala (Mitra et al., 2005; Govindarajan et al., 2006; Liston et al., 2006; Goldwater et al., 2009) . Our current findings suggest that the BDNF Met polymorphism could modulate the stress-induced neuroanatomical remodeling in these two regions. The altered spine density triggered by stress in PFC and amygdala of BDNF ϩ/Met mice is consistent with the BDNF mRNA and protein levels change after stress. The clear correlation between BDNF mRNA level or spine density in PFC (or amygdala) and working memory performance (or anxiety) may provide insights into the molecular and structural mechanisms underlying stress-induced behavior phenotype in BDNF ϩ/Met mice. Why the stress-induced changes in BDNF levels and spine density changes were in opposite directions in PFC and amygdala requires further investigation.
Finally, we found that an NRI, desipramine, but not an SSRI, fluoxetine was able to rescue the stress-induced depressive-like behaviors in BDNF ϩ/Met mice. Our previous study reported that the increased anxiety-like behaviors in BDNF Met/Met mice could not be normalized by chronic fluoxetine treatment (Chen et al., 2006) . This is the first study showing BDNF ϩ/Met mice have a blunted response to acute fluoxetine treatment, but, significant responsiveness to another class of antidepressants. Previous studies have shown that an increase in climbing behavior in the FST is more likely associated with effects on noradrenergic transmission, whereas serotonergic antidepressants selectively increase swimming behavior (Page et al., 1999) , which is in agreement with our results. To further investigate the molecular mechanism underlying the differential responsiveness to distinct antidepressants in BDNF ϩ/Met mice, 5-HTT and NET levels in different brain regions were examined by quantitative RT-PCR. Compared with WT mice, we found significantly decreased 5-HTT mRNA level in the DRN and increased NET mRNA level in the LC in BDNF ϩ/Met mice. Human studies have found that carriers of the BDNF Met allele displayed reduced 5-HTT availability in the raphe, insular and anterior cingulate cortex compared with the BDNF Val allele, suggesting that the BDNF Met polymorphism influences 5-HTT expression or the density of serotonergic neurons (Henningsson et al., 2009) . These data suggest that the altered 5-HTT expression and function associated with the BDNF Met polymorphism might account for the blunted response to fluoxetine treatment, which is consistent with the previous study showing that BDNF regulates serotonergic neurotransmission (Hensler et al., 2007) . In addition, it has also been demonstrated that antidepressants may differentially regulate targeting of BDNF protein in the synaptic compartment, suggesting that the lack of activity of fluoxetine may also be related to its inability to modulate specific BDNF function (Calabrese et al., 2007) . Interestingly, we found the increased NET mRNA levels in the LC in BDNF ϩ/Met mice, the influence of the BDNF Met polymorphism on noradrenergic transmission needs to be further investigated.
In conclusion, through the use of a mouse model system, we determined that the variant BDNF Met allele leads to increased vulnerability to stress. We provide evidence, for the first time to our knowledge, that BDNF ϩ/Met mice, carrying only one copy of the variant allele, displayed depressive-like, and anxiety-like behaviors and impaired working memory only following environmental stress. The alterations in these behaviors may be explained by the stress-induced changes in BDNF levels and neuronal spine remodeling in selective brain regions. These studies could potentially guide and inform future human studies on the impact of this common SNP in neuropsychiatric disorders especially in humans carrying one copy of this variant BDNF. Furthermore, we found that desipramine but not fluoxetine was effective in rescuing stress-induced depressive-like behaviors in BDNF ϩ/Met mice, suggesting that in humans with this genetic variant BDNF, selective norepinephrine reuptake inhibitors may be a more effective treatment option for depressive disorders.
